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Abstract Extracellular enzymes with glucanase activi- 
ties are an important component of actinomycete-fungus 
antagonism. Streptomyces sp. EF-14 has been previously 
identified as one of the most potent antagonists of 
Phytophthora spp. A p- 1 ,6-glucanase (EC 3.2.1.75; 
glucan endo-l,6-(3-glucosidase) was' purified by four 
chromatographic steps from the culture supernatant of 
strain EF-14 grown on a medium with lyophilized cells 
of Candida utilis as main nutrient source. The glucanase 
level in this medium followed a characteristic pattern in 
.which the rise of (3- 1,6 -glucanase activity always preced- 
ed that of p-l,3-glucanase. The molecular mass of the 
enzyme was estimated to be 65 kDa and the pi approxi- 
mately 5.5. It hydrolyzed pustulan by an endo-mecha- 
nism generating gentiobiose and glucose as final 
products. Laminarin was not hydrolyzed indicating that 
the enzyme does not recognize p-l,6-links flanked by (3- 
1>3- links. -No significant clearing of yeast cell walls in 
liquid suspensions or in agar plates was observed indi- . 
eating that this P-l,6-glucanase is a non-lytic enzyme. 
This is the first P-l,6-glucanase characterized from an 
actinomycete. 



Introduction 

Among glucan-type polymers in fungal cell walls, those 
composed of monomers linked by P-1,3 or p-l,4-glu- 
cosidic links are predominant. Often, these glucans pos- 
sess branches beginning with a P-l,6-glucosidic link. 
In some fungi, glucan chains made exclusively of 
P- 1,6-linked residues can be found. For instance, various 
oomycetes belonging to the genus Phytophthora have 
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two major glucan components in their cell wall: a linear, 
cellulose-like P-l,4-glucan and a highly branched p-1,3- 
glucan with branches starting with P~l,6 links and 
formed by an average number of four residues joined by 
P-i',3. links (Bartnicki-Garcia and Wang 1983). In the 
cell wall of Candida albicans, at least three distinct 
glucan fractions can be found: a highly branched prl,6- 
glucan, a highly branched p-l,3-glucan, and a mixed - 
P-l,3-P-l,6-ghican complexed to chitin (through a 1— >6 
link from a glucose residue from the mixed glucan to an 
A^-acetyl-glucosamine residue of chitin) (Reiss et aL 
1992). In common yeast S. cerevisiae, the P-l,6-glucan 
is found in linking chains between the other components 
of the cell wall, such as P-l,3-glucans, mannoproteins, 
and chitin (Kollar et al. 1997). 

Total degradation of such fungal cell wall components 
requires the participation of enzymes having the capacity 
to hydrolyze the p-1,6 linkages in various molecular 
configurations (linear polymers, branched polymers, oli- 
gomeric molecules). Such enzymes have been detected 
in several bacteria and fungi but not in plants. 

However, among the various glucan-hydrolyzing en- 
zymes, the p-l,6-glucanases are still the least character- . 
ized group. Work on P- 1 ,6-glucanases has been reviewed 
by Bielecki and Galas (1991) and by Pitson et al. (1996), 
who also presented an attempt at P-1,6 -glucanase classi- 
fication. The primary sequence of a P~l,6-glucanase has 
been determined only for an enzyme from Trichgderma 
harzianum (Lora et al. 1995). 

The actinomycete Streptomyces sp. EF14 was isolated 
in our laboratory from the rhizosphere of potato (Faucher 
et al. J992). During a screening program focused on the , 
identification of strains antagonistic to Phytophthora frag- 
ariae var. rubi (the causal agent of raspberry root rot), 
EF14 raised further interest as one of the most efficient 
antagonists (Valois et al. 1996). The strain was able to lyse 
the mycelium of this pathogen in vitro as well as in vivo 
and was shown to produce a battery of glucanases, among 
which was a P~ 1 ,6-glucanase (Valois et al. 1996; Toussaint 
et al. 1997). In the present work, we purified and charac- 
terized a P-l,6-glucanase from this microorganism. 
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Materials and methods 

Microorganism and growth conditions 

Streptomyces sp. EF-14 (ATCC BAA-2.82) was propagated at 
30 °C omYME medium (0.4% glucose, 1% malt extract, and 0.4% 
yeast extract). On YME-agar medium, abundant sporulation was 
observed after 7-10 days of growth. The spores used for inocula- 
tion of glucanase production medium were collected from 15- to 
20-day-old plates. 

For P- 1 ,6-gIucanase production, a heavy inoculum of freshly 
harvested spores was introduced into 30 ml of YME medium. 
After 12-15 h of culture at 30 °C with shaking (350 rpm), the 
spores developed into very small mycelial pellets (accompanied 
by an increase in the optical density at 595 nm by 0.10- 
0.12 units). In order to avoid the rapid lysis of mycelium often ob- 
served at this stage, the culture was refreshed by transferring 
2.5 ml of mycelial suspension into 250 ml of YME medium. This 
culture was further incubated for 9-10 h. Then, the culture was 
centrifuged at 3,000 rpm and the pellet was suspended in a few ml 
of sterile 0.85% NaCl. This suspension was used to inoculate 2 1 
of glucanase production medium prepared as follows: lyophilized 
cells of Candida utilis (Sigma), 10 g (dry weight) were suspended 
in 1,800 ml of distilled water, autoclaved, and then combined with 
200 ml of sterile salt solution containing (per liter): (NH 4 ) 2 S0 4 , 
10 g; K 2 HP0 4 , 5 g; MgS0 4 -7H 2 0, 2 g; FeS0 4 -7H 2 0, 100 mg. The 
culture was incubated for 12-15 h at 30 °C with vigorous shaking. 



Enzyme assay and protein determination 

P~l,6-Glucanase activity was determined by measuring the release 
of reducing sugars from pustulan (from Umbillicaria. papullosa, 
Calbiochem). Before its use as substrate for enzymatic assay, the 
pustulan was reduced with borohydride as described (Schep et al. 
1984), except that the ion-exchange step on Dowex resin was 
omitted and the ethanol precipitation step was repeated three 
times. The reduced pustulan (5 mg/ml) was dissolved in 100 mM 
Na-acetate buffer, pH 5. 5/ with heating; the solution is referred to 
as buffer-substrate (BS) solution. - y 

The standard assay (0.5 ml) contained 490 pi BS and 10 pi of 
appropriately diluted enzyme sample. After 10 min of incubation, 
at 50 °C, the reaction was stopped by the addition of 1 ml of p-hy- 
droxybenzoic acid hydrazide reagent (Lever 1973) as modified by 
Schep et al. (1.984). For the determination of reducing sugars, this 
mixture was boiled for 10 min, chilled in cold water, and the opti- 
cal density read at 405 nm. Standards of glucose (0.1^0.4 mM) 
were also included. 'One unit of P-l,6-glu'canase activity was de- 
fined as the amount of enzyme that released 1 pmol of glucose 
equivalent per min under the assay conditions. 

Protein concentration was determined with the Coomassie 
blue assay (Bradford 1976) using bovine serum albumin (BSA) 
(Sigma) as standard. 



f>- 1 ,6-Glucanase purification 
Step J : ethanol precipitation 

The culture supernatant was supplemented with 2.5 mM EDTA 
and proteins were precipitated overnight at 4 °C with 3.5 volumes 
of ice-cold ethanol. After decantation, the pellet was recovered by 
low-speed centrifugation and resuspended in a minimal volume of 
50 mM Na-acetate buffer, pH 4.4, with 2.5 mM EDTA (buffer A). 

Step 2: ion-exchange chromatography 

The product obtained from ethanol precipitation was loaded onto a 
9x2.6-cm column with Macro-Prep High S (BioRad) resin equili- 
brated with buffer A. After loading, the column was washed with 
1 00 ml of buffer A, and the proteins were eluted with 400 ml of a 



linear NaCl gradient (0-500 mM) in buffer A; The glucanase-con- 
taining fractions (58 ml) were diluted lOx with buffer A and load- 
ed on a small (3x2.6 cm) column containing the same resin. The 
glucanase was recovered in a concentrated form by elution with 
300 mM NaCl in buffer A. 



Step 3: gel filtration 

The concentrated pool was applied to a BioGel A-0.5m (BioRad) 
column (95x1.6 cm) equilibrated with 100 mM Na-acetate buffer, 
pH 5.5 (buffer B) supplemented with 2.5 mM EDTA and was 
eluted with the same buffer at a flow rate of 15 ml/h. The active 
fractions were pooled. 



Step 4: size-exclusion HP LC 

One ml of enzyme sample from step 3 was injected onto two con- 
nected in-series BioSil TSK-125 (BioRad) columns (600x7.5 mm) 
equilibrated with buffer B. Proteins were eluted. with the same 
buffer at a flow rate of 1 ml/min. The active fractions were pooled. 



Step 5: ion-exchange HPLC 

The enzyme sample recovered from step 4 was acidified to pH 3.9 
with acetic acid and diluted 2x with distilled water. Fifteen ml of 
this solution were injected onto a polysulfoethyl aspartamide 
(Nest Group, Southborough, Mass.) column (4.6x100 mm) equili- 
brated with 50 mM Na-acetate buffer, pH 3.9 (buffer C) at a flow 
rate of 1 ml/min. The column was washed with 5 ml of buffer C 
and the proteins were eluted with a linear NaCl gradient 
(0-500 mM) in buffer C. The active fractions were pooled. 

Steps 1, 2, and 3 and the dialysis in step 5 were done at 4 °C. 
Steps 4, 5, and 6 were done at room temperature. Enzyme solu- 
tions were stored at 4 °C. 



Lytic activity on yeast cell walls 

Lytic activity was monitored using the turbidqmetric assay 
(Rpmbouts and Phaff 1976) modified as follows: 2 g of a commer- 
cial preparation of cell walls of S cerevisiae (Lallemand, Mon- 
treal) were suspended in TO ml of 50 mM Na-acetate buffer and 
dispersed by ultrasonication for 10 min. The suspension was then 
centrifuged (800 rpm, 10 min) and the pellet was washed three 
times with 5 ml of 10% sucrose and once with distilled water. The 
pellet was finally suspended in 15 ml of distilled water and stabi- 
lized with 0.02% sodium azide. 

To assay lytic activity, 100 pi of yeast cell wall suspension 
were combined with 500 pi of Na-acetate buffer, pH 5.5, 300 ul of 
distilled water, and 100 ul of appropriately diluted enzyme sample 
and incubated for 18 h at 30 °C with mild agitation. Absorbance 
was measured at 450 nm (OD 450 ) in 1-cm cuvettes. The lytic activ- 
ity (Rombouts and Phaff 1976) was calculated as the turbidomet- 
ric index 7 , i =(OP 4 5o at M)/QD 45( j at "f==18 h)-l. The assay was 
semi-quantitative, as the value of T- did not increase linearly with 
the enzyme amount. 



Other enzyme studies 

All of the experiments described in this section were done in trip- 
licate. The enzyme activity was tested on several polymeric or oli- 
gomeric carbohydrates dissolved or suspended in 50 mM Na-ace- 
tate buffer, pH 5.5, at a final concentration of 2.5 mg/ml (except 
for chitosan, which was dissolved at 0.8 mg/ml). The reaction 
products were detected as reducing sugars. Starch (soluble, from 
potato), xylan from oat spelts, carboxymethylcellulose, chitin (pu- 
rified, from crab shells), chitosan (from crab shells, 80% deace- 
tylated), laminarin (from Laminaria digitata), and gentiobiose 
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were obtained from Sigma. Pachyman (from Poria cocos) was ob- 
tained from Calbiochem (La Jolla, Calif). Microcristalline cellu- 
lose was from FMC (Philadelphia, Pa.). 

To determine the temperature optimum, enzyme activity was 
assayed over a temperature range of 22^-70 °C for 1 0 min. The 
temperature stability of the glucanase was measured by preincuba- 
tion of the enzyme in the absence of substrate for various times at 
a given temperature and assay of the residual activity by the stan- 
dard assay (10 min at 50 °C). . 

. SDS-PAGE was carried out using po ly aery 1 amide gels of 5% 
and of 8% as stacking and separating gels, respectively. High-mo- 
lecular-mass standard proteins (Bio-Rad) were used for molecular 
mass determination. Proteins were detected by staining the gels 
with Coomassie blue R-250. 

Ampholine PAG plates with a pH range from 3.5 to 9.5 
(Pharmacia Biotech) were used according to the manufacturer's 
specifications to determine the pi. The ampholine PAG-plate was 
stained with Coomassie blue R-250. 

To determine pH optimum, the enzyme was assayed in 50 mM 
Nar citrate buffers covering a pH range from 4.0 to 6.0, or in 
50 mM Tris-maleate buffers covering a range of 5*5 to 8.5; 
2.5 mg/ml of pustulan served as substrate. 



Thin-layer chromatography analysis of hydrolysis products 

Pustulan or laminarin (dissolved at 2.5 mg/ml in 10 mM Na-ace- 
tate buffer, pH 5.5) was digested at 37 °C for various times with 
the purified (3-1,6-glucanase and the resulting digests were heated 
for 10 min in boiling water bath to inactivate the enzyme, then 
concentrated by evaporation. Aliquots (25 uf, spotted in 5-ul por- 
tions) were applied on a silica gel thin-layer chromatography plate 
(Whatman AL SIL G/UV), Chromatograms were developed in a 
solvent system consisting of n-butanol, ethanol, and water in a 
5:3:2 (v/y) proportion. The digestion products were revealed with 
a 95% ethanol -sulfuric acid-anisaldehyde (9:0.5:0.5) reagent by 
heating for 5 min. at 105 °C. Standards of glucose (4 mg/ml) and 
gentiobiose (4 mg/ml) were spotted in 5-ul portions. 

Amino acid sequencing methods 

The purified (3^1, 6-glucanase was transferred onto a PVDF mem- 
brane (I mmobilon P, Millipore) and its N-terminal sequence was 
determined using the Applied Biosystems 473 A protein se- . 
quencer. To obtain an internal sequence of the protein, the p-1,6- 
glucanase was digested with trypsin and the resulting peptide 
fragment were purified by HPLC. The N-terminal portion of a 
purified peptide fragment was then sequenced. These experiments 
were performed by The Service Proteomique de 1'est du Quebec 
(Ste-Foy, Canada). 



Results 

Enzyme production 

P-1,6-Glucanase was routinely produced on a complex 
medium containing a 0.5% suspension of lyophilized 
Candida utilis cells as main nutrient source. This sub- 
strate was chosen because of its commercial availability 
and also because the cell wall of another member of the 
genus Candida was shown to be rich in (3-1,6-glucans, 
potential inducers for glucanase production (Reiss et al. 
1992). Attempts to produce the enzyme on more defined 
media (such as a minimal medium with pustulan or. gent- 
iobiose as C source) resulted in low levels of glucanase. 
The enzyme was also rather poorly produced on media 
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Fig. 1 Time-course of glucanase production after inoculation of 
Streptomyces sp. EF-14 in a medium containing lyophilized Can- 
dida utilis cells as nutrient source. A p-l,6-glucanase, ■ (3-1,3- 
glucanase 

containing a cell wall preparation from 5. cerevisiae. 
Also, media including higher percentages of C utilis 
lyophilisate gave lower levels of glucanase production. 
By contrast, glucanase was efficiently produced in media 
containing 0.5% (dry weight basis) freshly grown cells 
of C. utilis ox C. tropicalis (autoclaved but not lyophili- 
zed) (data not shown). 

P-1,6-Glucanase production followed a characteristic 
pattern in this medium, the maximum of activity always 
preceding the increase in (}- 1,3 -glucanase activity 
(Fig. 1). This could indicate that the hydrolysis products 
liberated from the fungal cell walls by the p-l,6-glucan- 
ase could facilitate the induction of |}-l,3-glucanase ex- 
pression. - t " "■' . 

Enzyme purification • 

The enzyme has been purified to apparent homogeneity 
(as judged from SDS-PAGE and from N-terminal se- 
quencing) by a procedure involving one precipitation 
step and four chromatographic steps (Table 1). A 20-fold 
purification has been achieved with a 3.5% recovery of 
the p-l,6-glucanase activity. 

Often, a brownish compound co-precipitated with the 
proteins during the ethanol precipitation step. This pig- 
mented compound was still perceptible after the ion-ex- 
change chromatography step but was eliminated after the 
size-exclusion chromatography step on Bio-Gel P-100. 
The same step was sufficient to separate the P-i,6-gIu- 
canase from the contaminating p-l,3-glucanase, which 
was eluted later from the column. It is worth notice that 
the first attempts to purify the enzyme by a size-exclu- 
sion chromatography step using a dextran-based Sepha- 
cryl S-200 HR resin were unsuccessful due to a strong 
affinity of the enzyme for the column bed. A similar 
effect has been observed (De la Cruz et al. 1995, 1999) 
during the characterization of endo-{i-l,6-glucanases 
from Trichoderma harzianum. 
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Table 1 Purification of the (3-1,6-glucanase 



Pi lrifi ration <5tf*n 


Total activity 


Total proteins 


Snppifir artivitv 


Yield (%) 


Purification 




( unite i 
^UIJUo ) 




t^u/nig proieiiiy 






Culture filtrate 


540 


■ 43.5 


12.4 


100 


1 


Ethanol precipitation 


314 


21.6 


14.5 


58. i 


1.2 


Bio-Gel P-100 size-exclusion 


252 


6.5 


38.8 


46.7 


3.1 


chromatography 












S-Sepharose fast-flow 


169 


1.5 


111 


31.2 


9.0 


cation-exchange chromatography 




0.25 








TSK gel size-exclusion HPLC 


43 


172 


8 


13.9 


Polysulfbethyl A cation-exchange 


18.8 


0.075 


251 


3.5 


20.2, 


HPLC 













Fig. 2 Determination of 
molecular mass and assay of 
purity of [3-1, 6-gIucanase by 
SDS-PAGE electrophoresis. 
Left lane Molecular mass 
markers, right lane purified 
(3-lj6-glucanase 
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Properties of the |3- 1 ,6-glucanase 

' - t 

The molecular mass of the enzyme, determined by SDS- 
PAGE, was 65 kDa (Fig. 2). It corresponded to the mass 
calculated from size-exclusion HPLC column elution 
(step 4 of the purification procedure), indicating that the ; 
enzyme is a monomeric protein. The isoelectric point, 
determinated by isoelectric focusing, was 5.5 (not 
shown). 

The optimal temperature for activity was determined 
by varying the incubation temperature at pH 5.5 in 
10-min reactions. The enzyme was most active at 55 °C 
(Fig. 3a). In the standard assay (50 °C), the reaction pro- 
gressed linearly for at least 2 h, indicating that the 
enzyme was stable at this temperature in the presence of . 
pustulan (not shown). However, when preincubated in. 
the absence of substrate and then tested for residual ac- 
tivity, the enzyme was rather unstable at temperatures 
higher than 45 °C (Fig. 3b) and its thermostability could 
not be significantly improved by the addition of BSA 
(0.1 rug/ml) (not shown). Thus, the presence of pustulan 
stabilizes the enzyme in standard assay conditions. 

The enzyme displayed maximal activity at pH 5.5 and 
retained at least 80% activity at pH 4.5-6.5. (not shown). 
Kinetic analysis yielded an apparent K m value of 
0.19 mg/ml (with pustulan substrate) and a V max of 
284 U per mg protein. Activity was not affected by the 
presence of K20 mM D-gIucorio-l,5-lactone. 

The N-terminal sequence as well as an internal 
sequence of the protein were determined as ADPTA- 
QVWVTTPDGA and TEDYQAYADYLVDT, respec- 
tively. A BlastP search failed to detect significant homol- 
ogy of these sequences with known proteins. 
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Fig. 3 a Effect of temperature on the activity of p-l,6-glucanase: 
0.65 u,g of glucanase were incubated with pustulan substrate for 
JO min at 50 °C in 50 mM Na-acetate buffer, pH 5.5, at the tem- 
perature indicated, and the activity was measured by the release of 
reducing sugars, b Effect of temperature on the stability of (3-1,6- 
glucanase in the absence of substrate. The enzyme was incubated 
for various times at the temperatures indicated in 50 mM Na-ace- 
tate buffer and the residual activity was measured by the standard 
assay. ▲ 45 °C, ■ 50 °C, • 55 °C 



Substrate specificity and action pattern 

The substrate specificity of the purified (M,6-giucanase 
was assayed against a variety of polysaccharides and oli- 
gosaccharides. (Table 2). No activity was detected 
against laminarin, a (3-1,3-glucan, confirming that the 
purification procedure allowed the elimination of [J- 1,3- 
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Table 2 Substrate specificity of the purified (3-1,6-glucanase 



Substrate Relative activity (%) 



Pustulan 


100 


Starch 


8 


Xylan 


12 


Cellulose, microcrystalime 


<0.1 


Carboxymethylcellulose 


<0.1 


Chitin 


<0.1 


Chitosan 


■ 3 


Pachyman 


0.1 • 


Laminarin 


<0.1 


Centiobiose 


<0.1 




1 Z . 3 4 \ 

Fig. 4 Analysis of hydrolysis products by thin-layer chromatogra- 
phy. Lane J Product generated after 24 h of incubation of pustulan 
(2.5 mg/ml) in 50 mM acetate-buffer with 10 mU of purified (3- 
1,6-glucanase at 37 °C. Lanes 2-4 Product obtained after addition 
of a fresh portion of 10 mU of glucanase to the hydrolysate shown 
in lane 1 and further incubation for 3 h (lane 2), 6 h (lane 3) or 
24 h (lane 4). G Glucose, G 2 G 4 gentiobiose to gentiotetraose 



glucanase activity. Low but significant activity was ob- 
served against xylan, starch, and chitosan. At present, we 
cannot establish if the observed activity resulted from 
the hydrolysis of the main substrate or if it derived from 
impurities present in the analyzed batches of these sub- 
strates. 

Cell walls from S. cerevisiae were treated with 
0.2 units of purified (3-1,6-glucanase to detect a possible 
lytic activity. After 18 h of incubation, the turbidometric 
index was established at 0. 1 7. This should be compared 
with the value of 1.08 obtained when the same cell-wall 
preparation was incubated with the EF-14 culture super- 
natant (100 |il) containing only 0.02 units of f}-l,6-glu- 



canase but also several other enzymatic activities (Valpis 
et al. 1996). Following the criteria adopted by Rombouts 
and Phaff (1976), we concluded that the purified (3-1,6- 
glucanase is a non-lytic enzyme, i.e. it is not capable by 
itself of causing significant lysis of yeast cell walls. This 
was confirmed by tests on agar plates containing an 
opaque yeast-cell-wall suspension: no perceptible clear- 
ing was observed when the p-l,6-glucanase was spotted 
onto the plate and incubated at 30 °C for 5 days. In con- 
trast, clearing was observed after only 3-4 h of incuba- 
tion when the same plates were treated with the EF-14 
culture supernatant (not shown). 

Using pustulan as substrate, the hydrolysis products 
were detected by thin-layer chromatography. Oligomers 
of four units were the main digestion product appearing 
after a 2-h reaction under the conditions previously de- 
scribed (data not shown). After a 24-h reaction, trimers, 
dimers, and monomers were the prevalent digest prod- 
ucts (Fig. 4, lane 1 ). When the products of a 24-h digest 
were supplemented with increasing amounts of fresh en- 
zyme and further incubated for several hours, a shift in 
the distribution was observed, with a decrease in the in- 
tensity of tetramers and trimers and a corresponding 
increase of dimers and monomers (Fig. 4, lanes 2-A). No 
release of sugars was observed in the absence of active 
enzyme. ' 



Discussion 

In previous studies (Valois et al. 1996; Toussaint et al. 
1997), Streptomyces sp. EF-14 was characterized and 
was shown to exert a suppressive effect against root-rot 
diseases caused by Phytophthora spp. Streptomyces sp. 
EF-14 produces extracellular enzymes, including P-1,3-, 
(3-1,4-, and P-l,6-glucanases which enable the strain to 
lyse Phytophthora cells. However, to establish the signif- 
icance of glucanolyfic enzymes in disease control, a 
wider knowledge about their properties is necessary. In. 
this study, we characterized a (3- 1 ,6-glucanase, a type of 
enzyme that has not been purified previously from an 
actinomycete. 

Recent work on (3-1,6-glucanases has been mostly 
dedicated to enzymes from fungi. To our best knowl- 
edge, only four enzymes have been characterized in 
bacteria: two endoglucanases from Bacillus circulans 
(Rombouts and Phaff 1976, Rombouts et al. 1978), an 
endoglucanase from Acinetobacter sp. (Katohda et al. 
1979), and a glucosidase from Flavobacterium (Sano 
et al. 1975). The exo-acting enzyme from Flavobacte- 
rium liberates glucose as the main product and acts effi- 
ciently on gentiobiose. The endo-acting enzymes can be 
roughly subdivided into "lytic" and "nori- lytic" ones. 
The lytic endo-fi-l,6-glucanase from B. circulans 
(Rombouts and Phaff 1976) generates gentiobiose ' and 
gentiotriose as final hydrolysis products (it does not hy- 
drolyze gentiobiose) and has a relatively high activity 
against laminarin. The non-lytic endp-(3-i,6-glucanases 
(Rombouts et al. 1976; Katohda et al. 1979) generate 
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Table 3 Heterogeneity of endo-P-l,6-glucanases. AW Not done, *0.5% of the activity against pustulan 



Organism 


Trichaderma 
harzianam 
(BGN 16.1 
glucanase) 


Trichoderma 
harzianum 
(BGN 16.2 
glucanase) 


Acremonium 
persicinum 


Bacillus 

circulans 

WL-12 


Streptomvces 
sp,- EF-14 


Cleanng of yeast cell walls 
Release of glucose as final product 
Gentiobiose-splitting activity 
Ability to hydrolyze laminarin 
Molecular mass (kDa) 
Isoelectric point 
Reference 


No 
Yes 
No 
Yes 
51 

7.4-7.7 
De la Cruz and 
LIobelI(J999) 


Yes 
No 
No 
No 
43 
5.8 

De la Cruz et al. 
(1995) 


Nd 
No 
Low* 
Yes 
42.7 
4.9 
Pitson et al. 
(1996) 


XT „ 

JNO 

Yes 
No 
No 
52 

8.2-8.3 
Rombouts 
et ai. (1978) 


INO 

Yes 
No 
No 
65 

5.5 
This work 



glucose and gentiobiose as final hydrolysis products 
(again, they do not hydrolyze gentiobiose) and show no 
or very little activity against laminarin. 
- Many of the investigated fungal enzymes can be clas- 
sified into the same two categories. Among recently 
studied enzymes, the enzyme from Acremonium persici- 
num (Pitson et al. 1996) appears to be an endo-acting 
(3-1,6-glucanase, generating gentiobiose and gentiotriose 
as final products and showing very significant activity 
on laminarin; thus, this enzyme is similar to the lytic 
p-l,6-glucanase from B. circulans (Rombouts arid Phaff 
1976). Fungal enzymes similar to the bacterial non-lytic 
endo-p-l,6-glucanases have been characterized in Pent- 
cillium brefeldianum (Schep et ai. 1984) and Neurospora 
crassa (Hiura etal, 1987). 

The p-l,6-glucanase from . Streptomyces sp. EF-14, 
characterized in the present work, acts by an endo-mech- 
anism, as shown by the progressive release ofoligomedc 
products from a polymeric substrate (pustulan). The final 
hydrolysis products are gentiobiose (the main product) 
and glucose. Gentotriose appears to be the shortest sub- 
strate productively recognized by the enzyme. Further 
evidence for the endp-mechanism is given by the fact 
that the enzyme is not inhibited by D-glucono-l,5-lac^ 
tone and does not generate glucose from gentiobiose 
even after very long incubation periods with high en- 
zyme loads (data not shown). 

The P-l,6-glucanase from Streptomyces sp. EF-14 has 
no measurable activity on laminarin. This substrate con- 
tains mostly |3-l,3-links besides p- 1,6 Jinks (in a ratio of 
-7:1) (Bull and Chesters 1963). Since it is unable to 
hydrolyze the p-l,6-links present in laminarin, the en- 
zyme should not productively recognize such links if 
they are localized in the proximity of p-1,3 links. Possi- 
bly, for efficient substrate binding and/or catalytic activi- 
ty, this enzyme needs a substrate with an uninterrupted 
stretch of a few P-l,6-links. By contrast, as cited earlier, 
some enzymes are able to hydrolyze both pustulan and 
laminarin - a finding that is usually interpreted as the 
ability to hydrolyze not only 1 ,6-P-linkages but also 1,3- 
p-linkages involving 6-substituted glucose residues 
(Rombouts et al. 1978; Pitson et al. 1996). For many 
(3-1,6-giucanases, the ability or inability to hydrolyze 
laminarin is well correlated with their respective proper- 



ties of being "lytic" or "non-lytic" against fungal cell 
walls. Among glucanases previously characterized, the 
one showing most similarity with our glucanase is the 
non-lytic P-l,6-glucanase from B. circulans (Rombouts 
et al. 1978). However, the two enzymes differ by their 
molecular masses and even more markedly by their iso- 
electric points (Table 3), making it unlikely that' they are 
closely related, the p-l,6-glucanase from Streptomyces 
sp. EF-14 is a non-lytic enzyme, which is also supported 
by the fact that the enzyme causes insignificant clearing 
of Phytophthora and yeast cell walls, both in liquid sus- 
pension and in agar plates. This does not necessarily im- 
ply that the p-l,6-glucanase of EF-14 is of no impor- 
tance in the biocontroi process. Phytophthora cell walls 
do not contain long chains of p-1,6 linked residues. The 
action of the P- 1 ,6-glucanase alone would not be suffi- 
cient to cause significant clearing of cell walls. However, 
the hydrolysis of these links might facilitate the access of 
the p-1,3 -glucanases to their substrate and could in this 
way contribute to the lysis of the pathogen in vivo. 

The P-l,6-glucanases thus appear as a highly hetero- 
geneous group of enzymes. Table 3 illustrates this 
heterogeneity with a few examples, including the results 
of the present work. As in the case of other glycoside 
hydrolases (Henrissat and Davies 1997), molecular 
sequence data will be essential to build a comprehensive 
classification of p- 1 ,6-glucanases. 
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